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An axisymmetrical hemispherical asperity in contact with a rigid ﬂat is modeled for an elastic–plastic material on the
lines of the Kogut–Etsion Model (KE Model) and the Jackson–Green Model (JG Model). The present work extends the
previous KE and JG works, accounting for the eﬀect of realistic material behavior in terms of the varying yield strengths
and the isotropic strain hardening behavior. The predicted results show that the transition behavior of the materials from
the elastic–plastic to the fully plastic case is inﬂuenced by the yield strength and the tangent modulus (Et) and such tran-
sition do not take place at speciﬁc values of interference ratios as suggested by the KE model. New empirical relations are
proposed to determine the contact load and the contact area based on the analysis. Numerical results from the ﬁnite ele-
ment modeling are also validated with an experimental ball on ﬂat conﬁguration approach.
 2008 Elsevier Ltd. All rights reserved.
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Engineering surfaces are rough at micro scales. Contact between the engineering surfaces is discontinuous
owing to the surface roughness eﬀect and the real contact occurs only at discrete asperities. Calculating the real
contact area for the entire surface is a diﬃcult task due to the diﬀerence in the asperity radius and the asperity
heights. Due to such complexity in the contact problem, a simpliﬁed approach assuming the tips of the asper-
ities as spherical in shape was adopted and the approach was found very useful in solving the contact mechan-
ics problem (Johnson, 1985). The contact mechanics study of rough surfaces is mostly based on the method of
calculation of contact characteristics developed by the Greenwood and Williamson (1966, GW model) model.
The GW model uses the Hertz theory, to stochastically model an entire contacting surface of asperities with a
postulated Gaussian height distribution and is valid for the elastic contact case. For analytical purposes, the
GW model assumes that the contact of two rough surfaces can be modeled by an equivalent single rough0020-7683/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2008.01.017
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Nomenclature
a radius of contact area
A real contact area
D constant area factor
E Young’s modulus
Et Tangent modulus
H hardness of the material
p mean contact pressure
P contact load
R radius of the asperity
Y yield strength
m Poisson’s ratio
x interference
Subscript
c critical values at yielding inception
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(1987, CEB model) approximated elasto-plastic contact by modeling a plastically deformed portion of a hemi-
sphere using volume conservation. Their model suﬀers from a discontinuity in the contact load as well as in the
ﬁrst derivatives of both the contact load and the contact area at the transition from the elastic to the elastic–
plastic regime. Some pure plastic contact models emerged from the work of Abbott and Firestone (1933, AF
model) that relates the bearing area of a loaded rough surface to its geometrical intersection with a ﬂat. Zhao
et al. (2000) used mathematical manipulation to smoothen the transition of the contact load and the contact
area expressions between the elastic and the elastic–plastic deformation regimes. Recent works by Barber and
Ciavarella (2000) provides a clear and more in-depth look at past and recent ﬁndings in the ﬁeld of contact
mechanics. Due to the mathematical complexity, most problems are restricted to linear elastic or perfectly
plastic cases; recently ﬁnite element methods have also been used in order to obtain solutions to the problems
with complex geometries and material behaviors.
Kogut and Etsion (2002a, KE model) presented an accurate elastic–plastic ﬁnite element solution for the
contact of a sphere pressed against the rigid ﬂat by using the constitutive laws which caters to any mode of
deformation, be it elastic or plastic. They gave convenient empirical expression to relate the dimensionless
mean contact pressure, dimensionless contact load and the dimensionless contact area with the dimensionless
interference ratio; thus the solution is not restricted to a speciﬁc material or geometry. Their results shows that
the fully plastic deformation on the contact surface occurs when the dimensionless interference ratio (x/xc) is
110, at that stage the mean contact pressure ratio p/Y reaches 2.8, i.e., the value of p at this point is that of
material hardness which was indicated by Tabor in his experiments for many materials. They evaluated the
contact parameters for the elastic perfectly plastic case and compared them with the various levels of isotropic
strain hardening behavior. For an extreme case of a very large tangent modulus (Et = 0.1E), it is predicted that
the diﬀerence between the elastic perfectly plastic case to the general elastic–plastic case was less than 20% and
a conclusion is drawn that the elastic perfectly plastic case empirical relations can be used for all general elas-
tic–plastic contact cases. Then they incorporate the single asperity ﬁnite element results to predict the contact
parameters of rough surfaces (Kogut and Etsion, 2002, 2003), i.e., mean separation, contact load and the real
area of contact in dimensionless forms.
Recently, Jackson and Green (2005, JG model) extended the KE model to account the geometry and mate-
rial eﬀects in the analysis with the elastic perfectly plastic behavior assumption. They used ﬁner mesh than the
KE model and solved for ﬁve diﬀerent materials with varying yield strengths. They showed a markedly diﬀer-
ent behavior, for the materials with diﬀerent strengths, in the transition from elastic–plastic to fully plastic
deformations. For calculating the critical interference, the JG model derived empirical relations based on
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model beyond the general elastic contact case based on FEM solution, they formulated new empirical rela-
tions to calculate contact area and contact load with respect to deformation. Their result showed that the aver-
age contact pressure (p/Y) ratio does not reach 2.8 for most of the yield strength values. They also used the
elastic perfectly plastic assumption to compare with the KE model results. Their work concentrates mainly on
incorporating the material’s yield strength in the analysis. The end of the elastic–plastic regime or the start of
the fully plastic regime is not clearly reported in their work. Further the empirical expressions are not vali-
dated for the general elastic–plastic cases. Quicksall et al. (2004) uses the ﬁnite element technique to model
the elasto-plastic deformation of a hemisphere contacting a rigid ﬂat of various material properties typical
of aluminum, bronze, copper, titanium and malleable cast iron. They conducted parametric analysis on a gen-
eric material in which the elastic modulus and Poisson’s ratio are varied independently while the yield strength
is held constant. The results are compared with the previously formulated KE and the JG model results. Later
Brizmer et al. (2006) analyzed a normally loaded deformable sphere in contact with a rigid ﬂat under perfect
slip and full stick conditions for a wide range of the sphere’s mechanical properties. The eﬀect of these prop-
erties on failure inception is investigated by ﬁnding the critical interference and normal loading as well as the
location of the ﬁrst plastic yield or brittle failure. In their analysis (Brizmer et al. (2006a)), the behavior of the
material of the sphere is assumed to be elastic isotropic linear hardening with a ﬁxed tangent modulus of 2%
Young modulus (0.02E). They varied the Poisson’s ratio and E/Y0 ratio. A salient conclusion is that the results
like mean contact pressure, contact load and the contact area were found to be almost insensitive to the con-
tact condition, independent of the E/Y0 and Et/E ratios and slightly aﬀected by the Poisson’s ratio. Ovchar-
enko et al. (2007) performed experimental investigation to calculate the real contact area between a sphere and
a ﬂat during loading–unloading, and cyclic loading–unloading in the elastic–plastic regime. The experimental
results obtained with the copper and the stainless steel spheres of diﬀerent diameters that were pressed against
a sapphire ﬂat were compared with the existing theoretical models.
Recently, Shankar and Mayuram (2007) extends the work of KE and JG models for higher interference
ratios with the elastic perfectly plastic behavior assumption incorporating the yield strength as a variable in
the analysis. The obtained results are closely matching with the JG results and also shown some interesting
features in the development of the elastic core and the plastic region inside the surface when compared with
the results of the KE and JG models. The mean contact pressure ratio (p/Y) values varies depending upon the
individual material strength and the consequent diﬀerence in the contact parameters like the real contact area,
variation of total contact load with the mean separation for the entire surface is presented and compared with
the other existing models. The diﬀerence between the general elastic plastic case (the eﬀect of isotropic strain
hardening behavior) when compared to the elastic perfectly plastic contact condition and the validation of the
single asperity contact model with a ball on ﬂat experimental results are presented in this paper. The inclusion
of the material’s yield strength in the analysis with linear isotropic hardening behavior shows that the obtained
results were not matching with the results of the KE model in all cases. The variation of the mean contact
pressure, contact load and the contact area with diﬀerent tangent modulus is determined for diﬀerent interfer-
ence ratios and the results are compared with the elastic perfectly plastic case results. The obtained result
shows some interesting features in the development of the elastic core and the fully plastic transition behavior.
For the elastic–plastic case, modiﬁed empirical relations which incorporates the yield strength and the tangent
modulus in the analysis, are developed to calculate the total contact load and the contact area. The ﬁnite ele-
ment modeling procedure adopted in the present work is also validated with a ball on ﬂat plate conﬁguration
experimental approach.
2. Analysis details
A commercial package ANSYS 8.1 was used to solve the nonlinear contact problem. Two-dimensional
axis symmetric model was developed to form the single asperity in plane contact. The hemisphere was discret-
ized by 8-node PLANE 82 elements; the region of most interest is adjacent to the contact interface and has the
greatest concentration of elements for lower interferences. Away from the contact region the mesh becomes
coarser to minimize the computational eﬀort. To detect the contact between the hemisphere and the rigid ﬂat,
2-D 3-Node surface-to-surface contact elements CONTA172 and TARGET169 were employed. The Bilinear
Fig. 1. Hemisphere in contact with a rigid ﬂat.
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response. The rate-independent plasticity algorithm incorporates the von Mises criterion which deﬁnes the
yielding of the material. The material properties assigned are Young’s Modulus (E) = 2.07  105 N/mm2,
Poisson’s ratio (c) = 0.3, Yield strengths ranges from 250 to 2250 N/mm2, Tangent modulus (Et) ranges from
0E to 0.1E. Tangent modulus is assumed as zero for validating the results with the KE and JG elastic perfectly
plastic models. The ﬁnite element model is validated for the mesh and step convergence by varying the number
of elements and step sizes. The resulting ﬁnal mesh consists of 9933 elements in total, 63% of the total elements
lies along the circumferential region, 47% of this lies close to the contact region of the hemisphere and remain-
ing 37% of the asperity are ﬁlled with coarse mesh and the resulting mesh plot is shown in Fig. 1. To ensure the
axisymmetric boundary condition, the nodes lying on the axis of symmetry is rigidly constrained in x direc-
tion. The nodes lying on the top of the hemisphere at y = R is coupled along Uy to get uniform displacement.
The nodes which are in initial contact with the ﬂat plate are rigidly constrained from translating in the x and y
directions. The mesh is further reﬁned for higher interference ratios to make the entire asperity with the ﬁne
mesh and the resulting mesh consists of 24,510 elements in total. The maximum number of sub steps in com-
putation is 1000 for very large interference. The individual asperity contact area (A), mean contact pressure (p)
and the contact load (P) are calculated with the asperity deformation (x) from the FEM single asperity con-
tact model.3. Results and discussion
Tangent modulus (Et) is the slope of the stress–strain curve. Below the proportional limit the tangent mod-
ulus is same as the Young’s modulus. Above the proportional limit the tangent modulus varies with the strain
and it can be accurately found from the experiments. The tangent modulus is useful in describing the behavior
of materials that have been stressed beyond the elastic region. When a material is plastically deformed there is
no longer a linear relationship between the stress and strain as there is for elastic deformations. The tangent
modulus quantiﬁes the ‘‘hardening” or ‘‘softening” of the material that generally occurs when it begins to
yield. Although the material softens, it is still generally be able to sustain more loads before ultimate failure
results. In elastic perfectly plastic cases, the tangent modulus tends to be zero. Generally the multi linear
behavior from the experiments can be assumed as bilinear behavior for analysis purpose in elastic–plastic
cases. For most practical materials the tangent modulus is less than 0.05E. Here we used three values of Et
for elastic–plastic cases 0.025E, 0.05E and 0.1E.
As the interference gradually varies, the load over the hemispherical asperity in contact increases, at some
stage the load crosses the critical (elastic limit) load postulated by Hertz theory. This load for the initial yield
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The JG solution showed that even though the onset of yield is at an interference ratio of 1, the diﬀerence
between the elastic–plastic and the Hertz solutions are negligible until the interference ratio is 1.9. The mean
contact pressure (p) is obtained by taking average of the pressure values of all nodes in contact on the con-
tacting bodies. If the resulting mean contact pressure should approach the hardness value of the material then
the contact becomes fully plastic. The KE model does not consider the material eﬀect in the analysis but pre-
sents that the p/Y value reaches 2.8 when the dimensionless interference ratio is 110, based on which it is
inferred that the contact transforms from elastic–plastic state to fully plastic state at this point. In this work
the interference ratio is extended up to 400 for diﬀerent ranges of yield strength values and Y used for the anal-
ysis indicates the initial yield without hardening in this paper. It is ensured that the contacting nodes always lie
within the ﬁner mesh region in all the analysis.
In the case of elastic perfectly plastic assumption (Et = 0) the p/Y ratio never reached the value of 2.8. The
trend obtained for diﬀerent yield strength’s are similar to the JG model with small changes in the magnitude.
At the highest yield strength of 2520 N/mm2, p/Y value reaches a maximum value of 2.3 only, at some value of
interference and it decreases with further increase in the interference ratio. Similar trends are obtained for
other yield strengths, but their magnitude varies. Even for a lower yield strength value of 560.8 N/mm2,
p/Y value reached a maximum of 2.6; this supports the JG models prediction that the truncation of p/Y at
2.8 is not warranted and the average contact pressure variation depends upon the material properties apart
from the hardness. The analysis is then repeated using diﬀerent tangent modulus values that ranges from
0.025E to 0.1E. The resulting mean contact pressure to the yield strength ratio for a particular yield strength
value of 500 N/mm2 is presented in Fig. 2(a). When the tangent modulus is changed from 0E to 0.025E, the
mean contact pressure ratio (p/Y) value also changes with the interference and observed to reach a maximum
value of 2.8 (from 2.6) when the interference ratio is just above 110. The transition interference ratio is not
constant at 110 for all the cases studied, because for a tangent modulus of 0.05E, the transition (p/Y ratio
reaching a value of 2.8) occurs at a low interference ratio of 75. Further increase in tangent modulus to
0.1E, the transition (p/Y value reaches 2.8) occurs at even a low interference ratio of 45. The analysis is
repeated for a material having higher yield strength of 2000 N/mm2 and the resulting mean contact pressure
ratio p/Y is plotted as a function of dimensionless interference ratios (Fig. 2(b)). While in the case of elastic
perfectly plastic assumption, the maximum mean contact pressure ratio of 2.4 is observed, the same has now
reached a value of 2.7 when the tangent modulus increases to 0.025E. However, at a higher tangent modulus
value of Et = 0.1E, p/Y reaches the value of 2.8 at an interference ratio as low as 30. This shows that the tran-
sition from the elastic–plastic to the fully plastic state does not occur at a constant interference ratio as pre-
dicted by the KE model. The diﬀerence is more perceptible for the higher yield strength values.
Fig. 3 presents consolidated results on the dimensionless interference ratios required for the mean contact
pressure (p/Y) ratio to reach the limiting value of 2.8 for the materials having diﬀerent Y/E ratios, at speciﬁc
tangent modulus values. For a very low tangent modulus of 0.025E the required interference ratio to reach theFig. 2. Eﬀect of tangent modulus on mean contact pressure ratio for Y, 500 and 2000 N/mm2.
Fig. 3. Elastic–plastic to fully Plastic transition Interference ratio variation with Y/E ratio.
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beyond which it increases again. If the behavior is elastic perfectly plastic, the value will never be attained and
hence the exact transition from the elastic–plastic to the fully plastic state is not predictable based on the inter-
ference ratio alone. On the other hand for the realistic material behavior with the isotropic strain hardening,
such transition occurs at a speciﬁc interference ratios which depend upon the Y/E ratio and the tangent mod-
ulus as could be seen in Fig. 3. The KE model formulated the empirical expressions based on elastic perfectly
plastic behavior and postulates that the results are generalized one which is valid for all the cases of elastic–
plastic contact conditions. Later the JG model incorporated the yield strength as a variable and a diﬀerent set
of empirical relations are developed to predict the behavior but the material behavior is assumed to be elastic
perfectly plastic. Very few materials exhibit the elastic perfectly plastic behavior; generally all the materials
follow the multi linear behavior with some tangent modulus. The present analysis clearly show that the point
of transition from the elastic–plastic state to the fully plastic state (p/Y ratio reaching the value of 2.8) based
on elastic perfectly plastic assumption is not appropriate when the yield strength and the tangent modulus of
the material are considered in the analysis. So use of the general empirical relation ﬁtted based on the KE
model or the JG model will not be valid for the elastic–plastic cases. For extending the single asperity model
to predict the contact parameters, accounting the realistic material behavior, expressions are developed incor-
porating the variables Y/E ratio and the tangent modulus (Et). So the generalized expressions derived from the
present work can be implemented for calculating the contact parameters for diﬀerent elastic–plastic cases. This
type of analysis is not performed in the JG model. New empirical expressions that are developed based on
FEM results for diﬀerent Y/E ratios and Et values, to estimate the dimensionless interference ratio at which
the contact changes to fully plastic state from the elastic–plastic state are listed belowfor Et ¼ 0:025E
x
xc
¼ 6e6 Y
E
 2
 5:6167e4 Y
E
 
þ 216:22 ð1Þ
for Et ¼ 0:05E
x
xc
¼ 2e6 Y
E
 2
 2:4525e4 Y
E
 
þ 119:25 ð2Þ
for Et ¼ 0:1E
x
xc
¼ 1e6 Y
E
 2
 1:5178e4 Y
E
 
þ 80:965 ð3ÞThe start of the fully plastic state can be determined by using the p/Y ratio for lower tangent modulus values
but the empirical relations are valid for the Y/E ratios which are less than 0.006. The dimensionless interfer-
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by using Eqs. (1)–(3) as a function of Y/E ratio at diﬀerent tangent modulus values indicated. Then the contact
parameters can be estimated using the following equations.
For all cases, upto xxc 6 10P
P c
¼ 1:03 x
xc
 1:425 A
Ac
¼ 0:93 x
xc
 1:136
ð4ÞRemaining elastic–plastic cases, for xxc > 10if Et ¼ 0:025E
P
P c
¼ 1:455 x
xc
 1:2576 A
Ac
¼ 1:0442 x
xc
 1:1206
ð5Þ
if Et ¼ 0:05E
P
P c
¼ 1:3835 x
xc
 1:2811 A
Ac
¼ 1:0604 x
xc
 1:1091
ð6Þ
if Et ¼ 0:1E
P
P c
¼ 1:2908 x
xc
 1:3166 A
Ac
¼ 1:0043 x
xc
 1:104
ð7ÞThe validity of the above generalized expressions is tested for diﬀerent yield strength values, in the elastic–
plastic region the diﬀerence is small and in the fully plastic region the diﬀerence in the total contact load and
total contact area variation is less than 9% at an interference ratio of 110. The percentage diﬀerence observed
in the contact load determined using the above relation with that of the relations for the elastic perfectly plas-
tic behavior for two typical values of yield strengths are calculated and plotted as a function of the dimension-
less interference ratios and the resulting plot is shown in Fig. 4. The diﬀerence is small at low interference
ratios. At an interference ratio of 110, the maximum diﬀerence of 19% and 23% is observed. The investigation
based on the linear isotropic strain hardening with a very large tangent modulus of 0.1E has been done by the
KE model also. They have also reported that the diﬀerence in the results while comparing with the elastic per-
fectly plastic results is less than 20% at higher interference ratio of 110 and the diﬀerence is less than 4.5%
when the interference ratio is less than 20. Such a huge diﬀerence is neglected and the KE model postulate
that the elastic perfectly plastic assumption can be used in the contact parameter predictions for all the elas-
tic–plastic cases.Fig. 4. Percentage diﬀerence in contact load with elastic–plastic over elastic perfectly plastic models.
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As the load increases on the asperities, the plastic region is developed beneath the surface which is in elastic
state. With increase in the interference, the plastic region ﬁrst reaches the surface of the sphere at the outer
periphery, yielding will initiate at that point and an elastic core that is formed at the junction of the contacting
region is surrounded by the plastic region. Further increasing the interference, the plastic region grows grad-
ually enveloping the shrinking elastic core at the surface. This transition regime is termed as elastic–plastic
state. At some point the elastic core is completely eliminated and the fully plastic state prevails in the contact
region. Based on this phenomenon, the KE model identiﬁed these three distinct regions, as elastic when x/
xc < 6, elastic–plastic region when x/xc is in between 6 to 68 and then the fully plastic region when x/
xc > 68. According to the JG model which considers three yield strengths, the start of elastic–plastic regime
lies in between 7.89 and 9.64. The critical interference values are calculated using the JG model (2005) analyt-
ical expression.
The eﬀect of tangent modulus on the evolution of the elastic core is analyzed and the typical results for
two extreme values of yield strengths are presented in Fig. 5. The dimensionless interference ratio required
for the formation of the elastic core increases with the increase in the tangent modulus values. When the
yield strength increases from 500 to 1750 N/mm2, the dimensionless interference ratio is increased from 6
to 10; in respect of the Et/E variation similar changes occur, the corresponding value also gradually
increases reaching a maximum 12 from 8 at Et/E of 0.1. The eﬀect of yielding with the tangent modulus
on the contact dimensions is also analyzed. For the material having lower yield strength, the core radius
starts at 2.7ac as predicted by the KE model and when Et/E increases, the core radius further increases
and reaches nearly 3ac. Same amount of diﬀerence is also obtained for the material having higher yield
strengths.
The present analysis results also shows that the transition to the fully plastic state is not limited to a speciﬁc
interference ratio 68 as predicted in the KE model based on the disappearance of the elastic core. The KE
model presents that once the interference ratio crosses the value of 68; the fully plastic contact regime was
formed for all the materials. But the JG model predicts that the interference ratio 68 is not constant for all
the cases but the range lies in between 70 and 80 for the three yield strengths analyzed with the elastic perfectly
plastic assumption. The changes in the results when the tangent modulus is included are presented in Fig. 6.
For higher yield strengths, the dimensionless interference ratio required for the fully plastic region starting
stage shifts from 54 to 112 when the tangent modulus values are varied from 0E to 0.1E. Same type of trend
is repeated for the lower yield strength materials, however, in this case the dimensionless interference ratio
shifts from 68 to 100.Fig. 5. Variation of interference ratio at the start of elastic–plastic region for elastic–plastic cases.
Fig. 6. Variation of interference ratio at the end of elastic–plastic region for elastic–plastic cases.
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The ﬁnite element procedure adopted for the single asperity model is validated experimentally using the ball
on ﬂat plate conﬁguration test method. For this, the smooth ﬂat specimens (Aluminium and Brass) are
indented by a hard ball and the variation in the contact load with the deformation is measured experimentally
and the results are compared with the FEM model based results. The FEM procedure for the experimental
validation study is carried out on deformable ﬂat indented by a rigid sphere adopting the same methodology
described above in the analysis of a rigid ﬂat pressed against a deformable sphere. But in this case, instead of
the bilinear behavior the exact properties of the material obtained from the standard tensile test (ASTM E8M)
which is shown in Fig. 7 are used for the analysis. The multi linear option in the ANSYS software caters to
account the exact properties of the softer material such as Y, E and Et.
Photographic view of the ball Indentation tests conducted in MTS 810 servo hydraulic test system is shown
in Fig. 8. The machine is connected to the personal computer which automatically records the displacement
and the applied load in the regular interval of time. Loading/displacement can be automatically controlled
from the computer through the data acquisition. The ball used for the test was made up of tungsten carbide
of radius 0.794 mm. The ﬂat specimens are softer enough when compared to the ball hardness. Flat specimens
of size 25  25  5 mm were prepared and the surface was perfectly smoothened by hand polishing with dif-
ferent grades of emery and ﬁnally using the buﬃng process. The ball was mounted on a speciﬁcally designed
holder made up hardened steel to ﬁrmly hold it in position while the normal load is applied. The ball holder is
mounted inside the top grips of the MTS. For holding the ﬂat specimens, a hardened circular base plate wasFig. 7. Stress–strain curve for the tested base specimens.
Fig. 8. Servo hydraulic material test system.
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displacement of the ball from the initial contact, loaded on the smooth ﬂat specimens was measured using
the COD (Clip opening gage) which is ﬁtted to the MTS machine by a specially designed holder. The COD
was used to measure the penetration depth accurately.
The amount of the penetration of the ball into the ﬂat surface for the applied load is reckoned as interfer-
ence. The ﬁnite element deformation results for the hard sphere indented over the smooth ﬂats up to 0.1 mm
deformation is compared with the experimental results and shown in Fig. 10. The obtained FEM interference
results were closely matching with the experimental results. The deformation used corresponds to the interfer-
ence from elastic to the fully plastic state. From the analysis, the point of transition (p/Y ratio reaching the
value 2.8) from elastic–plastic to the fully plastic state is not noticed to occur at a constant interference ratio
as mentioned by the KE model. For Brass material, the transition begins at a dimensionless interference ratio
of 90 whereas for Aluminium it is occurs at 110. At this stage, the corresponding dimensionless contact load
P/Pc required is 368 for the Brass and 450 for the Aluminium material. If the same analysis is carried out withFig. 9. Fixture to hold ball and the ﬂat specimen in between the grips.
Fig. 10. Comparison of the FEM and experimental contact load results.
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the dimensionless contact load (P/Pc) required at the transition stage is 323 for the Brass ﬂat and 393 for the
Aluminium ﬂat and it is 530 by the KE model. This shows the amount of diﬀerence produced in the results
when the strain hardening behavior is incorporated is signiﬁcant. Only at very high values of interferences,
there is a distinct diﬀerence in the values of the analytical and the experimental results as could be seen from
Fig. 10. The transition from the elastic–plastic to the fully plastic state begins at an interference of less than
0.001 mm. This fortiﬁes that the formulated empirical expressions for the asperity based contact simulation in
elastic–plastic state considering the material strength (Y/E) and the tangent modulus (Et) as a variable param-
eters is a useful approach. In the future it would be useful to investigate the diﬀerence in the results in elastic–
plastic regime when the two cases (i.e., smooth sphere pressed against a rigid ﬂat and a half space indented by
a rigid sphere) are compared.
6. Conclusions
For better understanding about the happenings in the contact zone and to know about the transition in the
regimes, a uniﬁed model is developed wherein the tangent modulus and the yield strength are utilized as a var-
iable parameter. The present work shows, how the isotropic strain hardening behavior (tangent modulus)
aﬀects the overall contact behavior. The present result shows that, for the lower yield strength materials with
the elastic perfectly plastic assumption produces a maximum p/Y value of 2.6. When the tangent modulus is
varied from 0E to 0.025E, p/Y values reaches 2.8 when interference ratio is just above 110 for a material with
Y/E = 0.0025. This interference ratio varies between 45 and 110 depending upon the values of tangent mod-
ulus. This shows that the transition from the elastic–plastic to the fully plastic state does not occur at a con-
stant interference ratio and it depends on the isotropic strain hardening behavior and the yield strength of the
material.
The development and the shrinkage of the elastic core within the surface for a wide range of interference is
studied using the von Mises stress plots for diﬀerent yield strengths with diﬀerent tangent modulus and the
results are compared with the previous published KE and JG elastic perfectly plastic models. Inclusion of tan-
gent modulus aﬀects the formation and the shrinkage of the elastic core within the surface when it is loaded.
When the yield strength increases from 500 to 1750 N/mm2 with increase in Et/E ratios, the dimensionless
interference ratio required for the formation of the elastic core is increased from 6 to 8 and 10 to 12. Also
in the shrinkage of the elastic core, when the tangent modulus is included in the analysis for the lower yield
strength materials, the dimensionless interference ratio required for the fully plastic transformation stage shifts
from 54 to 100. From the extensive analysis it is found that the transition from elastic–plastic to the fully plas-
tic state is coupled with the yield strength values and the tangent modulus values. Generalized empirical
expression to calculate the contact load and the contact area based on elastic perfectly plastic assumption will
not give the required solution for the materials having strain hardening behavior. So for the elastic–plastic
3020 S. Shankar, M.M. Mayuram / International Journal of Solids and Structures 45 (2008) 3009–3020cases a modiﬁed empirical relation incorporating the yield strength and the tangent modulus are developed to
calculate the required contact load and contact area. The ﬁnite element modeling procedure adopted in the
present work is validated with an experimental approach using a ball on contact with a ﬂat plate conﬁguration
which also conﬁrms the validity of the present results.
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